Benzophenone (BP)-type ultraviolet (UV) filters are widely used in a variety of personal care products for the protection of skin and hair from UV irradiation. Despite the estrogenic potencies of BP derivatives, few studies have examined the occurrence of these compounds in human matrices. Furthermore, associations among exposure to these compounds and estrogen-dependent diseases (such as endometriosis) have not been examined previously. In this study, we determined the concentrations of five BP derivatives, 2-hydroxy-4-methoxybenzophenone (2OH-4MeO-BP), 2,4-dihydroxybenzophenone (2,4OH-BP), 2,2'-dihydroxy-4-methoxybenzophenone (2,2'OH-4MeO-BP), 2,2',4,4'-tetrahydroxybenzophenone (2,2',4,4'OH-BP) and 4-hydroxybenzophenone (4OH-BP), in urine collected from 625 women in Utah and California, using liquid chromatography (LC)-tandem mass spectrometry (MS/MS). The association of urinary concentrations of BP derivatives with an increase in the odds of a diagnosis of endometriosis was examined in 600 women who underwent laparoscopy/laparotomy (n = 473: operative cohort) or pelvic magnetic resonance imaging (n = 127: population cohort), during 2007-2009. 2OH-4MeO-BP, 2,4OH-BP, and 4OH-BP, respectively, were detected in 99.0%, 93.3%, and 83.8% of the urine samples analyzed, whereas the detection rates for 2,2',4,4'OH-BP and 2,2'OH-4MeO-BP were below 6.0%. Significant regional differences (higher concentrations in California) and monthly variations (higher concentrations in July and August) were found for urinary concentrations of 2OH-4Me O-BP and 2,4OH-BP. In addition, urinary concentrations of 2OH-4MeO-BP and 2,4OH-BP tended to be higher in more affluent, older, and leaner women. Adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were estimated for the urinary concentrations of BP derivatives and the odds of an endometriosis diagnosis; ORs increased across quartiles of 2OH-4MeO-BP and 2,4OH-BP concentrations, but a significant trend was observed only between 2,4OH-BP and the odds of an endometriosis diagnosis in the operative cohort (OR = 1.19; 95% CI = 1.01, 1.41). When women in the highest quartile of 2,4OH-BP concentrations were compared with women in the first three quartiles, the OR increased considerably (AOR = 1.65; 95% CI = 1.07, 2.53). Given that 2,4OH-BP possesses an estrogenic activity higher than that of 2OH-4MeO-BP, our results invite the speculation that exposure to elevated 2,4OH-BP levels may be associated with endometriosis.
INTRODUCTION
Ultraviolet (UV) filters that can absorb UV radiation are used in a variety of personal care products to attenuate the negative effects of this harmful radiation on skin and hair. UV filters enter the environment via wash-off from skin or via sewage discharges. UV filters have been detected in environmental matrices such as water, soil, and sediment as well as in human bodily fluids such as urine and blood. [1] [2] [3] [4] In vivo and in vitro studies have shown that some organic UV filters possess estrogenic effects. 5, 6 In the United States, 2-hydroxy-4-methoxybenzophenone (2OH-4MeO-BP or BP-3) is widely used in a variety of cosmetics as an UV filter. 7 When a sunscreen lotion that contained 2OH-4MeO-BP was applied on human skin, 1-2% of the amount applied was absorbed into the bloodstream within 10 h. 8 In addition, 2OH-4MeO-BP has been shown to penetrate human skin more readily than do other sunscreen agents. 9 , 10 2OH-4MeO-BP is reported to possess weak estrogen-like activity, based on estrogen receptor (ER)-mediated reporter gene and uterotropic assays; 6, [11] [12] [13] [14] thus, it is a potential endocrine-disrupting chemical (EDC).
Studies that use experimental animals have demonstrated that 2OH-4MeO-BP is metabolized to 2,4-dihydroxybenzophenone (2,4OH-BP or BP-1) and 2,2'-dihydroxy-4-methoxybenzophenone (2,2'OH-4MeO-BP or BP-8); [15] [16] [17] [18] these BP derivatives are also used in cosmetic products as sunscreen agents. 7 It is noteworthy that 2,4OH-BP possesses an estrogenic activity higher than that of 2OH-4MeO-BP. 11, 12, 14, 17, 19 Additive estrogenic effects of 2,4OH-BP and 2OH-4MeO-BP on pS2-gene transcription in MCF-7 cells have been reported. 20 In addition, other BP derivatives, such as 2,2',4,4'-tetrahydroxybenzophenone (2,2',4,4'OH-BP or BP-2) and 4-hydroxybenzophenone (4OH-BP), have been shown to have estrogenic activity higher than that of 2OH-4MeO-BP. 11, 12 Despite their potential for endocrine-disrupting activity, information on the occurrence of BP derivatives, except for 2OH-4MeO-BP, in humans is scarce. 2OH-4MeO-BP has been detected in human urine using LC-MS/MS methods. 3, [21] [22] [23] [24] Nevertheless, studies that examine BP-type UV filters on human health, including estrogen-mediated outcomes, are not available.
Endometriosis is a gynecological disorder that affects reproductive-age women and is typically defined as an estrogen-dependent disease. 25 Our recent study showed that at least 11% of reproductive-age women in the United States may have undiagnosed endometriosis. 26 Although it is likely that various factors such as genital tract abnormalities, genetic predisposition, hormonal imbalance, and altered immune surveillance are involved in the pathogenesis of endometriosis, its etiology still remains elusive. 27 Exposure to environmental EDCs may be associated with development of endometriosis. 27 However, epidemiological studies that assess the association between endometriosis and exposure to EDCs such as dioxins, 28 polychlorinated biphenyls (PCBs), [29] [30] [31] polybrominated biphenyls (PBBs), 30 and organochlorine pesticides (OCPs) 32 have yielded mixed results. To our knowledge, the association between endometriosis and exposure to BP-type UV filters has not been studied to date, despite the relatively high prevalence of exposure to these estrogenic chemicals by prepubescent and reproductive-aged women.
In this study, we determined the concentrations of five BP derivatives, 2OH-4MeO-BP, 2,4OH-BP, 2,2'OH-4MeO-BP, 2,2',4,4'OH-BP, and 4OH-BP, in urine collected from 625 women who resided within 50 miles of two cities, Salt Lake City (Utah) and San Francisco (California) during [2007] [2008] [2009] , and explored the association between BP derivatives and endometriosis, using the operative reports for 600 women who underwent laparoscopy/ laparotomy or pelvic magnetic resonance imaging (MRI).
MATERIALS AND METHODS

Study Cohorts and Data Collection
Urine samples (N = 625) collected in 2007-2009 for the ENDO (Endometriosis, Natural history, Diagnosis, and Outcomes) Study were utilized. The study design and demographic information have been previously described. 26 Briefly, urine samples (approximately 120 mL per person) were collected from 431 and 63 currently-menstruating women, aged 18-44 years, in Salt Lake City, Utah, and San Francisco, California, respectively, who were scheduled to undergo a diagnostic and/or therapeutic laparoscopy or laparotomy at participating surgical centers (referred to as "operative or surgical cohort"). While 495 women were enrolled for the surgeries, one women did not provide a urine sample. In addition, urine samples were collected from 131 (95 from Utah and 36 from California) currently-menstruating women who were matched to the operative cohort on age and residence within the 50-mile catchment area of clinical centers (referred to as "population or unexposed cohort"). The intent of the population cohort was to identify women at risk for endometriosis (i.e., currently menstruating) who did not seek medical care; this group served as a comparison cohort for the operative cohort and for the assessment of consistency of findings across cohorts.
All women met the following three criteria: (1) no breastfeeding for >6 months, (2) no injectable hormone treatment within the past two years, and (3) no cancer history other than non-melanoma skin cancer. Race/ethnicity, marital status, household income, age, hair color (at age 18 years), and smoking habits were obtained by interview prior to surgery for the operative cohort and at their earliest convenience for the population cohort, respectively. However, use of personal care products including sunscreens was not captured during the interview, given that the benzophenone-type UV filters did not become a part of the target compounds for the ENDO Study until recruitment was complete and it became evident that residual urines were available for their analysis. Height and weight of women were measured according to standardized anthropometric methods. 33 Information on age, marital status, smoking habit, hair color, household income, and height and weight were missing for <1.5% of the women. Missing data were minimal, with no systematic difference by cohort or endometriosis status. Institutional Review Board approval was obtained from all participating institutions, and all women consented for participation before the sample collection. All urine samples were stored in a freezer at -20°C until chemical analysis.
Among the 494 women in the operative cohort, 473 underwent laparoscopy or laparotomy, the "gold standard" for the diagnosis of endometriosis, 34 35 Among the 131 women in the population cohort, 127 (97%) underwent pelvic MRI, of whom 14 (11%) were diagnosed with endometriosis. No staging was performed for the population cohort, given the absence of such an algorithm for MRI diagnosed disease. The diagnostic data obtained from 600 women in the operative and population cohorts were used for the assessment of the association between BP derivatives and the odds of an endometriosis diagnosis.
Chemical Analysis
2OH-4MeO-BP, 2,4OH-BP, 2,2'OH-4MeO-BP, 2,2',4,4'OH-BP, and 4OH-BP were analyzed in urine by following the procedure reported recently. 3 Briefly, urine samples were removed from the freezer and thawed overnight at 4°C. After a 500-μL aliquot of urine was transferred into a 15-mL polypropylene (PP) tube, 10 ng of deuterated bisphenol-A (d 16 -BPA) and 100 ng of 4-methylumbelliferyl β-glucuronide were spiked as internal and deconjugation standards, respectively. After gentle mixing, 300 μL of β-glucuronidase/ sulfatase (Type HP-2, from Helix pomatia, ≥100,000 units/mL glucuronidase and ≤7,500 units/mL sulfatase; Sigma-Aldrich, St. Louis, MO) buffer, which contained 2 μL enzyme and 1 mL of 1.0 M ammonium acetate, was added. After vortex mixing, the sample was incubated at 37°C for 12 h. Then, 3 mL of 50% MTBE/ethyl acetate were added, shaken for 30 min, using a reciprocating shaker, and centrifuged at 3,000 g for 2 min. The organic phase, containing BP derivatives, was transferred into a new 15-mL PP tube, and the aqueous phase was extracted again with 3 mL of 50% MTBE/ethyl acetate. The organic phases were combined, evaporated to near-dryness using N 2 , and redissolved in 1 mL of methanol (MeOH). After sonication for 10 sec and centrifugation at 3,000 g for 2 min, the solution was transferred into a 1.5-mL amber glass vial for LC-MS/MS analysis.
An API 2000 electrospray triple quadrupole mass spectrometer (ESI-MS/MS; Applied Biosystems, Foster City, CA), equipped with an Agilent 1100 Series HPLC system (Agilent Technologies Inc., Santa Clara, CA), was used for the measurement of BP derivatives. Ten microliters of urine extract were injected onto a Thermo Betasil C18 (100 mm length × 2.1 mm internal diameter, 5 μm particle diameter) chromatographic column serially connected with a guard column (20 × 2.1 mm, 5 μm; Thermo Electron Co., Bellefonte, PA), at a flow rate of 300 μL/min. The mobile phases were MeOH (solvent A) and deionized water (solvent B); the gradient started at 15% A, ramped to 90% A in 7 min, and held for 4.5 min before reverting back to 15% A. The negative ion multiple reaction monitoring (MRM) mode was used, and the MRM transitions monitored were 227>211 for 2OH-4MeO-BP, 213>91 for 2,4OH-BP, 243>93 for 2,2'OH-4MeO-BP, 245>91 for 2,2',4,4' OH-BP, 197>92 for 4OH-BP, 241>142 for d 16 -BPA, and 175>119 for 4-methylumbelliferone. Nitrogen was used as both curtain and collision gas. MS/MS parameters were optimized for each BP derivative, by infusion of 1 μg/mL standard solution, with a flow injection analysis system; the optimized MS/MS parameters for BP derivatives have been reported previously. 3 The analytes were quantified from an external calibration curve prepared at concentrations ranging from 0.05 to 100 ng/mL. The calibration standards were injected with every batch of samples and the linearity was confirmed to be r > 0.999. If concentrations of BP derivatives in urine were above 100 ng/mL, the sample was re-analyzed using a smaller volume. The limit of detection (LOD) was determined to be 0.082 ng/mL for both 2,4OH-BP and 4OH-BP; 0.13 ng/mL for 2,2'OH-4MeO-BP; and 0.28 ng/mL for both 2OH-4MeO-BP and 2,2', 4,4'OH-BP. The recoveries of five BP derivatives from a triplicate recovery test, through spiking of two concentrations (1.0 and 10 ppb) of each of five BP derivatives into the urine matrix, were between 85.2 and 99.6%, and the coefficients of variation (CVs) were between 0.53 and 5.9%. When variations in the responses of BP derivatives within a day and among 5 consecutive days were compared by replicate analyses of a urine sample that contained 2,4OH-BP, 2OH-4MeO-BP, and 4OH-BP, the respective CVs of five replicate analyses within a day and among 5 days were 1.4 and 3.7% for 2,4OH-BP, 1.7 and 3.0% for 2OH-4MeO-BP, and 2.8 and 4.5% for 4OH-BP. Data processing was performed with the Analyst 1.4.1 software package.
Statistical Analysis
Data were analyzed in two phases, including a descriptive phase for assessing the distribution of BP derivatives and completeness of data for relevant study covariates. Although the LOD for each BP derivative was consistent through batches, all machine observed concentrations irrespective of the LOD were analyzed without substitution, to minimize introducing bias. 36 Differences in concentrations of BP derivatives by the demographic features of women were assessed using the non-parametric Wilcoxon or Kruskal-Wallis test. A p value of < 0.05 denoted significance. The strength of correlation between BP derivative concentrations was evaluated by simple regression analysis. The relation between BP derivative concentrations and odds of an incident endometriosis diagnosis was explored using multivariable logistic regression. Given the uncertain timing of endometriosis onset, we estimated the odds ratios (ORs) for diagnosis along with corresponding 95% confidence intervals (CIs) for each BP derivative, rather than estimating incident disease, per se. Concentrations were log-transformed (x + 1) for all analyses, and first assessed in their continuous form and, subsequently, categorized into quartiles that were defined according to the distributions for unaffected women in both cohorts. The trend test was used to empirically assess linear trends of BP derivative concentrations across the four intervals defined by the 25 th , 50 th , and 75 th percentiles. Odds ratios also were adjusted for women's natural hair color at age 18 years (categorized as red, blond, or brown/black) and study site (California or Utah), given their observed association with both exposure and endometriosis. 26, 37 We further explored the operative cohort, which permitted sensitive analyses. In particular, we restricted endometriosis to only moderate/severe disease to assess the consistency of our results. We also conducted sensitive analysis by restricting unaffected women to those with a primary postoperative diagnosis of a normal pelvis. Significant ORs are those whose CIs exclude one. Each BP derivative was modeled separately and for each cohort. All analyses were conducted using SAS 9.2 (SAS Institute Inc., Cary, NC).
RESULTS and DISCUSSION
Concentrations of BP Derivatives and Relationship with Demographic Characteristics
2OH-4MeO-BP, 2,4OH-BP, and 4OH-BP were respectively detected in 99.0%, 93.3%, and 83.8% of the 625 urine samples analyzed. The detection rates for 2,2',4,4'OH-BP and 2,2'OH-4MeO-BP were only 5.6% and 2.6%, respectively, possibly reflecting their limited use relative to 2OH-4MeO-BP and 2,4OH-BP, 7 and were not considered in further analytic models.
Urinary concentrations of 2OH-4MeO-BP, 2,4OH-BP, and 4OH-BP and characteristics of the study cohort are summarized in Table 1 . The median (range) concentrations in all samples were 6.1 (<0.28-5900) ng/mL for 2OH-4MeO-BP, 6.1 (<0.082-3200) ng/mL for 2,4OH-BP, and 0.36 (<0.082-22) ng/mL for 4OH-BP. An earlier survey in the United States reported a median concentration of 26.0 ng/mL of 2OH-4MeO-BP in urine from 1288 females; 21 however, that study did not measure either 2,4OH-BP or 4OH-BP. The median value for 2OH-4MeO-BP measured in our study (ENDO Study) was lower than that reported previously. 21 This could be partly due to the difference in sampling locations between the studies. In our ENDO Study, we found significantly higher concentrations of 2OH-4MeO-BP in urine samples from women who resided in California than from women who resided in Utah (Table 1 ). In fact, the median concentration (24.2 ng/mL) of 2OH-4MeO-BP measured in urine samples from California (in our study) was comparable to the value reported previously for the United States. 21 In addition, urinary concentrations of 2OH-4MeO-BP and 2,4OH-BP tended to be higher for more affluent (household income), older (age), and leaner (body mass index) women (Table 1) . These findings may suggest that the U.S. women with such characteristics might use personal care products (containing sunscreens) more frequently than do the others. Further analyses with use frequency of personal care products will shed light on the differences in BP derivative concentrations.
Urinary concentrations of 2OH-4MeO-BP and 4OH-BP were significantly lower in smokers than in non-smokers (Table 1) . It is known that tobacco smoke contains inducers of cytochrome P450 (CYP) drug-metabolizing enzymes, leading to the increased risk for human health by enhancing the metabolic activation of endogenous and xenobiotic chemicals. 38 As a result, BP derivatives might be efficiently metabolized in active smokers relative to nonsmokers, implying the formation of hydroxylated BP metabolites and their risk for human health. It has been reported that 2OH-4MeO-BP is metabolized principally to 2,4OH-BP, via metabolic activities of CYP enzymes, in animals [15] [16] [17] [18] . 2,4OH-BP is formed from the metabolism of 2OH-4MeO-BP and possibly 4OH-BP, via catalysis of CYP enzymes. 2,4OH-BP is further metabolized in the body, and that was the reason for the lack of significant difference in urinary concentrations of this BP derivative between smokers and non-smokers.
When the monthly variation in urinary BP derivative concentrations was examined based on the urine collection date, significant (p < 0.01) differences were found for 2OH-4MeO-BP and 2,4OH-BP concentrations (Figure 1 ). The highest median concentrations of 2OH-4MeO-BP (18 ng/mL) and 2,4OH-BP (23 ng/mL) were observed in July, and the highest values of 2OH-4MeO-BP (5900 ng/mL) and 2,4OH-BP (3200 ng/mL) were found in a urine sample collected in August (Figure 1 ). These results indicate that women in the ENDO Study were exposed to high concentrations of BP derivatives during the summer months, probably through the application of sunscreens to protect their skin from UV radiation. A previous study that measured 2OH-4MeO-BP concentrations in urine collected from 90 girls in New York City, Cincinnati, and northern California also reported significantly higher concentrations of this BP derivative in urine samples collected in summer than in other seasons. 22 In fact, we previously found notably high concentrations of 2OH-4MeO-BP and 2,4OH-BP in urine from a sunscreen user, compared to those in nonsunscreen users, which suggested that sunscreen products are one of the major sources of exposure to these two BP derivatives in humans. 3 Nevertheless, there was no significant monthly variation in 4OH-BP concentrations in urine (Figure 1 ), indicating that this compound originates from a different sources.
When the correlations among the three urinary BP derivative concentrations were examined, a significantly higher correlation coefficient (r = 0.92) was found between 2OH-4MeO-BP and 2,4OH-BP concentrations than between 2OH-4MeO-BP and 4OH-BP (r = 0.13) ( Figure  2) ; the correlation coefficient between 2,4OH-BP and 4OH-BP was r = 0.083 (data not shown). These results support the above explanation that the sources of human exposure to 4OH-BP are different from those of 2OH-4MeO-BP and 2,4OH-BP. The positive correlation between 2OH-4MeO-BP and 2,4OH-BP can be attributed to the formation of 2,4OH-BP from 2OH-4MeO-BP via metabolic activities of cytochrome P450 enzymes, as described earlier. In addition, women also can be exposed to 2,4OH-BP directly, through the use of personal care products. 2,4OH-BP is present in some U.S. cosmetics, although the frequency of use of this BP derivative is much lower than that of 2OH-4MeO-BP. 7 A skin absorption study, in which sunscreen lotion containing 2OH-4MeO-BP was applied to the skin of three female volunteers, demonstrated that the major metabolite found in the urine was 2,4OH-BP. 39 4OH-BP detected in our study could have been formed through the oxidative metabolism of BP because the use of 4OH-BP in personal care products and formation of this compound from other BP derivatives are not known. BP has been reported to be metabolized to 4OH-BP, following incubation with rat hepatocytes 40 and in an in vivo study. 15 
Benzophenone Derivatives in Urine and Their Association with Endometriosis
The (un)adjusted ORs and corresponding 95% CIs for each BP derivative (in quartiles) are presented for both cohorts in Table 2 . The unadjusted and adjusted ORs were elevated for 2OH-4MeO-BP and 2,4OH-BP, particularly at the higher quartiles, but not for 4OH-BP. A significant trend was observed between 2,4OH-BP and the odds of an endometriosis diagnosis, but only in the operative cohort (OR = 1.19; 95% CI = 1.01, 1.41). Given the modest sample size, we also compared the highest quartile to the lower ones. When women in the highest quartile were compared with women in the first three quartiles of 2,4OH-BP concentrations, the OR remained elevated (OR = 1.65; 95% CI = 1.07, 2.53), which denoted an approximate 65% increase in the odds of an endometriosis diagnosis in women with the highest 2,4OH-BP concentration compared to women with lower concentrations. A similar pattern was observed in the population cohort, but the CIs for all BP derivatives included one, denoting the absence of significance, possibly indicative of the limited number (n = 14) of women in the population cohort with endometriosis. Of note is the consistency of the direction of the OR for 2,4OH-BP in sensitivity analyses that restricted the choice of affected individuals to those whose endometriosis was moderate (stage III)/severe (stage IV) (OR = 1.66; 95% CI = 0.89, 3.12). However, a loss of statistical power was observed, which reflected the preponderance of women with minimal (stage I)/mild (stage II) endometriosis in the ENDO study. Similar results were observed when we restrict the choice of unaffected individuals to those with a primary postoperative diagnosis of a normal pelvis (OR = 1.49; 95% CI = 0.91, 2.46).
Our findings suggest an increase in the odds of an endometriosis diagnosis for 2,4OH-BP, which suggests that this BP derivative may be associated with endometriosis diagnosis. To our knowledge, no earlier laboratory or human studies have examined the association between 2,4OH-BP and endometriosis. Nevertheless several studies have reported estrogenic potencies of 2,4OH-BP, 11, 12, 14, 17, 19 which suggests that this compound is a potent xenoestrogen. In vitro studies using recombinant yeast cells that express human ERα (hERα) with the β-galactosidase reporter gene demonstrated an approximate 5-fold higher estrogenic activity of 2,4OH-BP than bisphenol A (BPA), which is a well-known EDC. 11, 12 A recent study using hERα-or hERβ-mediated reporter gene assays displayed a stronger activation of hERβ, in comparison to hERα, by 2,4OH-BP, unlike the activation pattern reported for estradiol (hERα > hERβ). 41 In addition, an in vivo study using ovariectomized female rats showed an increase in uterine weight in rats dosed with 2,4OH-BP. 14 These observations emphasize the need for further studies that examine endometriosis following 2,4OH-BP exposure. In addition, further research should measure BP derivatives and reproductive hormones including endogenous estrogens in blood to help delineate the relation between exposure, hormones, and disease status and, eventually, in the context of other EDCs. A recent laboratory exposure study on 2OH-4MeO-BP showed that the O-dealkylation metabolite, 2,4OH-BP, in rat blood decreased much more slowly over time than did the parent compound. 15 Further, in vitro assays have shown additive estrogenic effects of 2,4OH-BP and other weak estrogen-like EDCs, including UV filters, at relatively low levels. 20, 42, 43 To our knowledge, this is the first epidemiologic study to investigate the occurrence of BPtype UV filters other than 2OH-4MeO-BP in U.S. women and its association with incident endometriosis. Our results suggest that exposure to elevated 2,4OH-BP levels may be associated with increased odds of an endometriosis diagnosis. These exploratory findings await epidemiologic corroboration and support the need for mechanistic studies aimed at delineating the potential endocrine disruption properties of 2,4OH-BP. Monthly variation in urinary BP derivative concentrations in women (ENDO Study). **p < 0.01 Correlation between urinary concentrations of 2OH-4MeO-BP and 2,4OH-BP or 4OH-BP (ENDO Study). Table 1 Urinary concentrations (ng/mL) of BP derivatives by selected demographic characteristics (ENDO Study) 
